The spin-pumping mechanism is probed through a tunnelling MgO interlayer in Fe/Pt bilayers. We show by ferromagnetic resonance technique and spin-pumping experiments that spin currents can tunnel through the MgO interlayer for thickness up to 2 nm and can produce significant voltages in the Pt layer. The electrical detection of spin-pumping furthermore reveals the critical role of rectification and shunting effects on the generated voltages. The non zero spin current transport through a few monolayers of an insulating interlayer might initiate further studies on the role of very thin oxides in spin-pumping experiments.
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The generation of a spin current via the spin-pumping effect (SP) and its detection through the inverse spin Hall effect (ISHE) is a key topic of research in the spintronics community.
1,2 A spin current is generated at the interface between a ferromagnetic material (FM) or a ferrimagnetic insulator (for example YIG) and a non magnetic metal (NM) by a precessing magnetization in the magnetic layer. A large part of the research on spinpumping has been focused on the YIG/Pt system, 3,4 a system that has also enabled the discovery of novel effects like the spin Hall magnetoresistance. [5] [6] [7] As well, metallic bilayers like the Py/Pt system 8, 9 have attracted a lot of interest. The efficiency of spin-pumping depends on the transparency of the interface quantified by the parameter termed spin mixing conductance 10 and is investigated in a wide range of bilayer systems. [11] [12] [13] [14] The critical role of the interface transparency accounts for the ability to transfer angular momentum at the FM-NM interface. It is widely accepted that the transfer depends on the exchange interaction between the precessing magnetization (of the FM layer) and the conduction electrons (of the NM layer).
1 Here, we structurally modify the interface transparency by implementing a tunnelling MgO barrier at the FM/NM interface in order to probe the spin pumping effect.
Previous research on the impact of an insulating interlayer in spin-pumping experiments has yielded contradictory conclusions. In the study of Moriyama et al. 15 on Al/AlO x /Ni 80 Fe 20 /Cu tunnel junctions a large voltage was detected at spin-pumping conditions, however a quantitative analysis showed a number of discrepancies with the standard spin-pumping theory. In the works of Mosendz et.al. 16 on Py/MgO/Pt and Kim et al. 17 on Py/nanooxide/Pd the spin-pumping induced voltage was suppressed by the tunneling barrier structures. Also, in these studies no systematic analysis on the thickness dependence of the insulating layer was performed. Recently, the spin-pumping mechanism was further examined in YIG/insulating barrier (Sr 2 GaTaO 6 ,SrTiO 3 , a) Author to whom correspondence should be addressed. Email: epapa@physik.uni-kl.de Sr 2 CrNbO 6 )/Pt structures. 18 An exponential decay of the measured voltage originating from the spin-pumping was concluded by varying the thickness of the barrier.
In this work, a thickness dependent study of the influence of an insulating tunnelling barrier layer in a metallic system is performed. As a metallic bilayer host for the insertion of the barrier layer we use a fully epitaxial Fe/Pt bilayer system. We choose Fe/Pt as a model system where the interface engineering has already shown the influence on the efficiency of spin-pumping. 13, 19 As a barrier material we use MgO with the aim not only to investigate the role of tunneling properties of the conduction electrons at the Fe/MgO/Pt interfaces but also to probe the flow of spin current through MgO/Fe interface well known for its pronounced spin-dependent tunnelling properties in Fe/MgO/Fe tunnel junctions. We show that the presence of a very thin MgO barrier of up to 2 nm thickness only partially prevents the flow of a spin current.
Molecular beam epitaxy (MBE) was used to grow a series of Fe/MgO/Pt samples with MgO thicknesses ranging from 0.5 nm to 2 nm. The thickness of the Fe layer of 12 nm and of the Pt layer of 6 nm have been kept constant. Two more films were fabricated as reference samples: Fe (12 nm) / Pt (6 nm) and Fe (12 nm) / MgO (10 nm). For the latter the MgO overlayer functions as a protection against oxidation.
X-ray diffraction (XRD) measurements established the epitaxial relationship and the crystallographic orientation of the Fe/MgO/Pt films. The growth of Fe on (100) MgO is featured by a 45
• in-plane rotation with respect to the substrate in all samples, owing to the fcc/bcc unit cell stratification. The XRD patterns of the Pt overlayer reveal the formation of a textured growth oriented along the [111] direction. However, by increasing the MgO thickness above 1 nm, the appearance of (200) peaks together with the (111) peak is recorded, pointing out that Pt crystals with [100] growth direction are also present. It was unfeasible for X-rays to disclose qualitative data from the insulated MgO interlayer, due to the dominant contribution of the substrate. Therefore, high resolution transmission electron microscopy (HRTEM) was employed to analyze the local structure of the multilayer. Initially, we have addressed the spin-pumping effect by measuring the additional contribution to the effective Gilbert damping. The study of the dynamic magnetization behavior has been examined by performing ferromagnetic resonance (FMR) measurements along the Fe easy axis. In a FMR experiment, the ferromagnetic resonance is excited by a strip-line antenna and the reso- nance signal is measured using a vector network analyzer (FMR-VNA). All the samples were placed with the Pt side facing the strip line antenna and the static magnetic field H is aligned parallel to the antenna. The S 12 transmission parameter is recorded. By fitting the dependence of the linewidth ∆H on the resonance frequency 19 the effective Gilbert damping parameter α eff is obtained, and is shown in Fig. 2 . Due to the absence of a spin sink, the Fe/MgO reference will not generate a spin current by means of spin-pumping and, as expected, exhibits the lowest effective Gilbert damping value, α Fe/MgO . On the other side, Fe/Pt possesses the highest value of α eff of almost twice the value of the Fe/MgO control sample. This is due to the generation of a spin current through the Fe/Pt interface by means of the spin-pumping effect. All samples with an MgO interlayer have lower α eff values compared to the Fe/Pt. By gradually increasing the thickness of the MgO interlayer, α eff is decreasing, indicating a reduction of the spin current injection until being completely blocked at an MgO thickness of 2 nm.
To further quantify the spin current generation due to the spin-pumping effect the effective spin-mixing conductance [19] [20] [21] parameter was evaluated using:
where d Fe is the thickness of the Fe layer that is kept constant throughout the sample series and M s is the saturation magnetization. In our calculation we have used for M s the effective saturation magnetization obtained from the FMR measurements which is found to be in the range of 1730-1760 kA/m. for the Fe/Pt reference, MgO 0.5 nm, and MgO 1 nm respectively. The spin-pumping induced ISHE in Pt was probed by measuring the transverse (to the antenna) DC voltage, V DC , by a lock-in amplification technique. 13 The measurement geometry for the spin-pumping experiments was chosen analogous to the FMR experiments. The measurements have been performed at an excitation frequency of 13 GHz with a microwave applied power of 24 dBm.
In Fig. 3 the dependencies of the V DC voltages on the external applied magnetic field H normalized to the resonant magnetic field H FMR are presented. The curves have been vertically shifted for better visibility. Voltage peaks are seen at external magnetic fields matching the ferromagnetic resonance condition of the magnetic layer. For the Fe/MgO/Pt trilayers the highest absolute V DC generation is revealed by the 2 nm thick MgO interlayer sample, for which according to α eff the lowest spin current transport is expected (see Fig. 2 ). The Fe reference film capped with an MgO protection layer shows an even higher V DC while the lowest V DC is observed for the Fe/Pt system. In order to understand this behaviour the presence of spin rectification effects which can add up to the pure ISHE voltage must be considered, as well as the shunting effect caused by the capping layer. Spin rectification effects refer to the generation of a static voltage due to the coupling of the high frequency magnetization dynamics near the FMR condition to an rf current. 22 When the overlayer is Pt, the measured voltage is lower since Pt shunts the voltage generated by the rectification effects. 23 When the overlayer is MgO shunting is prohibited and the electrical detection of the FMR of the Fe film due to rectification provides the highest V DC . The samples with the MgO interlayer exhibit V DC values in between the two reference samples.Thicker interlayers reduce the shunting proportionally. Moreover, V DC of the trilayers depends on the excitation frequency. Measurements in a range of 11-15 GHz showed a shift of the V DC peak towards higher resonant fields for higher frequencies (as expected for the FMR condition), as well as a decrease of the V DC values. The latter indicates that each trilayer behaves like a capacitor with capacitive resistance R C = 1/ωC. The capacitance C depends on the thickness of the dielectric (MgO) in between the two metallic plates (Fe, Pt layers). C is decreasing for higher MgO thicknesses, so the capacitive resistance is expected to increase for the same excitation frequency for thicker MgO interlayers leading to higher V DC (Fig. 3) .
The V DC generated under spin pumping conditions can be described by charge based effects that arise from the presence of spin rectification, as aforementioned. On the other side, the non-zero α eff values in Fig. 2 indicate the presence of ISHE which generates an additional voltage contribution in the electrically detected signal. The ISHE voltage originated by spin-pumping is known to be purely symmetric.
23 Figure 3 shows that the detected voltages have symmetric as well as antisymmetric Lorentzian contributions. Spin rectification contributes to the symmetric as well to the antisymmetric V DC amplitudes. In order to provide an estimation of the relation of spin-pumping to rectification effects the symmetric and antisymmetric components of V DC were separated by performing a line-shape analysis.
24 Following this method which is schematically presented in Fig. 4 (a) , the data are fitted by 13 :
where V Sym and V Asym are the symmetric and antisymmetric V DC amplitudes, V off is a constant offset voltage, ∆H is the linewidth and H FMR the magnetic resonance field.V Sym and V Asym are plotted in Fig. 4 (b) . The antisymmetric signal appears to be slightly enhanced by the increase of the MgO thickness pointing out that already the 1 nm thick MgO layer is capable to reduce the shunting that Pt causes. The symmetric signal is also increasing with the MgO thickness for the same reason, however, the increase is more pronounced with respect to the antisymmetric values. The reason for this is the presence of an additional voltage contribution due to the ISHE. The symmetric signal is a result of two overlapping voltages due to ISHE and rectification. The evolution of the signal can be justified only when the overlapping voltages exhibit opposite sign.
In particular, the smallest symmetric voltage is obtained for the largest ISHE voltage that is generated in the Fe/Pt reference sample. The spin-pumping in Fe/Pt causes a significant ISHE voltage due to the presence of an unblocked spin current. As the MgO interlayer is introduced the ISHE voltage contribution is reduced and that results in an increase of the symmetric value. Taking this into account the apparent increase of the symmetric voltage in Fig. 4 (b) for thicker MgO interlayer thicknesses can be justified as follows: the ISHE generated voltage contribution is subtracted from a symmetric contribution due to rectification. For the 2 nm thick MgO the ISHE voltage contribution is minimized, so the symmetric component due to rectification approaches a maximum value.
The different signs between ISHE-and rectification generated voltages are confirmed in Fig. 4 (c) . There, we compare under the same experimental spin-pumping conditions YIG/Pt (where negligible rectification effects are expected) and Fe/Pt bilayers. We see that for the same direction of the applied magnetic field the sign of the signal is reversed for the metallic Fe/Pt system where the presence of rectification effect is also expected. Since the sign of the spin Hall angle in Pt is the same in both measurements the sign of the ISHE voltage should be the same for Fe/Pt and YIG/Pt for the same orientation of the magnetic field. The reversal in sign can be explained by the presence of rectification effects in Fe/Pt. Equivalent results have been obtained for Py/Pt 25 and CoFeB/Pt 26 systems. In summary, we have studied the flow of spin current through an MgO/Fe interface well known for its pronounced spin-dependent tunnelling properties. The measurement of α eff with ferromagnetic resonance experiments have revealed that spin-pumping is taking place for MgO thicknesses < 2 nm. The presence of an MgO interlayer influences significantly the measured voltage in a spin-pumping experiment. Electrical detection of the spin-pumping effect has revealed the crucial role of rectification and shunting effects on the V DC . The evaluation of the data with the help of a line shape analysis showed that the rectification generated voltage and the ISHE produced voltage have opposite signs. The reduction of the symmetric voltage contribution indicates the increased flow of spin current with decreasing MgO thickness. Future studies on the exact nature of the flow of spin currents through a few monolayers of insulating layer could potentially reveal new phenomena in spin-pumping structures.
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